of a complete set of optical AND, NAND, OR, and SOR gates and clocked optical S-R, D, J-K, and T flip-flops are demonstrated, based on direct polarization switching and polarization bistability, which we have recently observed in InGaAsF'/InP semiconductor lasers. By operating the laser in the direct-polarizationswitchable mode, the output of the laser can be directly switched between the TMoo and TEoo modes with high extinction ratios by changing the injection-current level, and optical logic gates are constructed with two optoelectronic switches or photodetectors. In the polarization-bistable mode, the laser exhibits controllable hysteresis loops in the polarization-resolved power versus current characteristics. When the laser is biased in the middle of the hysteresis loop, the light output can be switched between the two polarization states by injection of short electrical or optical pulses, and clocked optical flip-flops are constructed with a few optoelectronic switches and/or photodetectors. The 1 and 0 states of these devices are defined through polarization changes of the laser and direct complement functions are obtainable from the TE and TM output signals from the same laser. Switching of the polarization-bistable lasers with fast-rising current pulses has an instrument-limited mode-switching time on the order of 1 ns. With fast optoelectronic switches and/or fast photodetectors, the overall switching speed of the logic gates and flip-flops is limited by the polarizationbistable laser to < 1 ns. We have demonstrated the operations of these devices using optical signals generated by semiconductor lasers. The proposed schemes of our devices are compatible with monolithic integration based on current fabrication technology and are applicable to other types of bistable semiconductor lasers.
I. INTRODUCTION
T HE basic building blocks of a digital system are logic gates and memory elements. Theoretically, any digital system can be constructed entirely from N A N D (or NOR) gates and flip-flops, in whch the gates perform combinational logic operations and the flip-flops perform sequential logic operations and memory functions.
In conventional electronic systems, flip-flops are constructed by combining many logic gates with complicated circuitry. The switching speed of these flipflops is limited primarily by the gate propagation delays. In order to realize digital optical signal processing and digital optical computing, optical logic gates and optical flip-flops must be developed. Some optical-logic-gate schemes based on electrooptic devices [1] , optoelectronic devices [a] , or nonlinear optical devices [3] have been proposed previously. Campbell et al. [2] have demonstrated the operation of an optical A N D gate with optical input signals at two different wavelengths and the output signal at still another wavelength. Lattes et al. [3] recently proposed an optical XOR gate based on the guidedwave Mach-Zehnder interferometer. However, the realization of its operation is still awaiting the discovery of materials of very large nonlinear optical coefficient. Tsang et al. [4] have demonstrated optoelectronic logic operations with cleaved-coupled-cavity semiconductor lasers in which the inputs are electical signals and the outputs are optical signals at different wavelengths for different logic functions. Recently, Okumura et al. [5] reported the operations of optical fhp-flops, an S-R and a J-K flip-flop, by combining many logic elements in the same way the electronic flip-flops are usually constructed. The circuitry is very complicated and the speed is extremely low (hundreds of microseconds). They are basically a simulation of electronic flip-flops with optical input and output.
In this paper, we present, with very simple circuitry, the operations of a complete set of optical logic gates and optical flip-flops based on direct polarization switching [6] and polarization bistability [7] in semiconductor lasers which we have recently observed. By operating the laser in the direct-polarization-switchable mode, logic gates such as A N D , NAND, O R , and NOR are demonstrated with two optoelectronic switches [ 8 ] , [9] or photodetectors. When the laser is operated in the polarization-bistable mode, clocked optical flip-flops are constructed and demonstrated with a few optoelectronic switches or photodetectors. Unlike the conventional electronic or optical flipflops [SI, our optical flip-flops are not constructed by combining logic gates. In fact, the circuits of our optical flip-flops are not more complicated than those of the logic gates. This is a great advantage for monolithc integration and high speed applications. Because the 1 and 0 states in a polarization bistable laser are defined through polarization changes, the laser is always lasing throughout the operation and it changes states without a change of the carrier density. Therefore, the switching speed of each element is, in principle, limited only by the response time of the optoelectronic switches (and/or the photodetectors) and the mode switching time of the laser. Subnanosecond overall switching speed can easily be achieved [7] - [9] . Since the laser changes states by switching between TE (electric field parallel to the junction) and TM (electric field normal to the junction) modes, the switching behavior of one mode is always complementary to that of the other. In a logic gate, the output signals from the same laser in each of the two orthogonal polarizations represent two complement logic functions. In a flip-flop, they directly constitute the normal output, Q, and its complement, Q , respectively. This special feature is certainly not available in conventional intensity-bistable semiconductor lasers [lo] . The number of components in a flipflop is reduced as no extra components for generating the complement output are necessary. Since the TE and TM comple- mentary output signals are emitted from the same laser with nearly the same spatial mode profile [7] , they can be simultaneously coupled in$o and transmitted through the same optical waveguide, modulated and processed by mode-converter or electrooptics before they are separated. For example, by sending the beam through a half-wave plate, the functions carried by the TE and TM modes can be exchanged. In addition to these advantages of polarization-bistable lasers, the basic schemes of our circuitry also apply to the construction of logic gates and flip-flops with other types of bistable semiconductor lasers, such as the cleaved-coupled-cavity spectrum-bistable lasers [l 1 ] and the intensity-bistable lasers [IO] .
POLARIZATION -BISTABLE LASERS
The polarization-bistable lasers are V-grooved substrate buried heterostructure InGaAsP/InP lasers emitting at 1.3 pm wavelength. The same laser can be operated in the direct-polarization-switchable mode without hysteresis in the power versus current characteristics or in the polarization-bistable mode with controllable hysteresis in the power versus current characteristics, by controlling the operation temperature within a few degrees. These phenomena have been demonstrated in some InGaAsP/InP lasers operating near the characteristic polarization transition temperature, T c , of eachindividual laser [12] . In this temperature regime, the laser operates in a pure TMoo mode at low injection currents and switches operation to a pure TEoo mode at high injection currents. At a temperature just below T,, the polarization-resolved CW power-current characteristics of a laser exhibits an abrupt polarization transition at a characteristic injection-current level, I,, as is shown schematically in Fig. l(a) . When a laser is operated in this direct-polarization-switchable mode, its output can be directly switched between the TMoo and TEoo modes by changing the injection-current level [ 6 ] . With fast-rising current pulses, subnanosecond s w i t c h g speed can be achieved and the switching extinction ratio is very high [6] .
With further decreases in the temperature, hysteresis loops with high contrast ratios can be observed in the polarizationresolved power-current characteristics, as is shown schematically in Fig. l(b) . The width of the hysteresis loop can be varied by controlling the operation temperature within a few degrees. As an example [7] , a selected laser with T, = 195.2 K exhibits a hysteresis loop of 1 mA at 193.5 K; the hysteresis loop increases continuously to 23 mA at 186.7 K, and disappears with a further decrease in temperature. When the laser is operated in this polarization-bistable mode and is biased in the middle of the hysteresis loop, the light output can be switched between the two polarization states by injection of short electrical or optical pulses [ 7 ] . If the laser initially operates in the TMoo mode, a negative current pulse can switch the laser output to the TEoo mode, while a subsequent positive current pulse switches it back to the TMoo mode. Notice that the injection current in Fig. l 
LOGIC AND INVERTER
Since the laser is always lasing throughout the operation and changes states by changing the polarization of the output emission, we have two possible logic operations.
A. Intensity-Defined Logic
The binary states are defined as conventionally by the level of the light intensity, disregarding the polarization. For example, if positive logic is used, a h g h intensity output is 1 and a low. or zero intensity output is 0. Since the laser is always lasing either in the TE or TM mode, the logic function carried by the TE output is always the complement of that carried by the TM output. They can be transmitted through the same optical waveguide. However, the two polarizations must be separated before the digital data or functions carried by each mode (say A in the TE mode, 2 in the TM mode) can be read and processed. I n t h s mode of logic operation, the INVERTER is built-in since the complement function is always accompanying the normal function in the emission of the same laser.
B. Polarization-Defined Logic
Alternatively, we can define one polarization as the 1 state, the other as the 0 state, disregarding the absolute intensity level. That is, TE is 1 and TM is 0, or vice versa. In this case, only one set of digital data or logic function is carried by the output of a laser. The TE and TM modes cannot be separated when the data are read or processed. A TE-TM mode converter, such as a half-wave plate, is an INVERTER. In the following descriptions of optical logic gates and optical flip-flops, we use the positive intensity-defined logic.
IV. OPTICAL LOGIC GATES
For optical logic operations, optical bistability is not necessary. The laser is operated in the direct-polarization-switchable A B mode with the CW power-current characteristics shown in Fig.  1 (a) . At a current level below I,, the laser output is TM-polarized. Above I,, the laser output changes polarization to TE. Notice that the polarity of the injection current is negative. In principle, any logic function can be constructed entirely from NAND gates or from N O R gates. However, for the purpose of completeness, we present the circuit of each individual gate. Since the TE and TM outputs from a laser are complement functions in the intenstiy-defined logic, an A N D gate for the TE light emission is a NAND for the TM emission, and vice versa. Similarly, an OR gate for the TE emission is a NOR for the TM emission, and vice versa. Fig. 2 shows the TE-AND (TM-NAND) gate. In Fig. 2(a) , the circuit consists of two high-speed optoelectronic switches [8] , [9] (OS) in series. The laser diode (LD) is biased just below the polarization-switching current level,Z,. When either or both input signals are 0, the switches in series are not conducting and the laser output is TM-polarized. When both input signals, A and B, are 1, the switches are both conducting. The negative voltage, -V , and the impedances of the witches are adjusted so that when both switches are conducting, the injection-current level is hgher than I, and the laser output switches into the TE polarization. The TE output represents the logic function A . B and the TM output represents A . B . The optoelectronic switches in Fig. 2 (a) can be replaced with two photodetectors in series, connected under reverse bias. The alternative circuit consisting of photodetectors is shown in Fig. 2(b) . Since photodetectors generally do not deliver much current, an amplifier may be necessary. With the optoelectronics switches, it is possible to switch the laser without an amplifier [7] , [9] . The operation of the TE-AND (TM-NAND) gate is demonstrated in Fig. 3 . Fig. 4 shows the TE-NAND (TM-AND) gate. In these circuits, the optoelectronic switches and the photodetectors are biased with a positive voltage, + V, and the laser is biased negatively at a current level just above I,. The operations of these circuits are similar to those in Fig. 2 , except that the TE output now represents A . B and the TM output represents A * B. Fig. 5 shows the operation of the TE-NAND (TM-AND) gate. native circuit using photodetectors. Fig.  7 demonstrates the operation of the TE-OR (TM-NOR) gate.
A. AND and hiAND
The TE-NOR (TM-OR) gate is shown in Fig. 8 . The operations of these circuits are similar to those of the circuits in Fig.   6 . However, the optoelectronic switches and the photodetec- Fig. lO(a) shows the circuit of an optical S-R flip-flop consisting of three hgh-speed optoelectronic switches (OS) and a polarization-bistable laser diode (LD) which is biased in the middle of the hysteresis loop. Two switches are used as the input ports of the flip-flop to receive the digital optical input signals, S and R . A third switch, activated by a train of optical clock pulses, CP, is used to sample the output of the first two switches in synchronism with the clock pulses. The output pulses from this switch then trigger the laser diode to switch the polarization of its output at the repetition rate of the clock pulses. One bit of the output data is defined by the time interval between two successive clock pulses. As previously discussed, the TE and TM outputs constitute the normal output, Q, and its complement, Q , respectively. In the absence of a clock pulse, changes in logic state at the data input cause no change in the output. At the moment a clock pulse arrives, if S = 0 and R = 0, no voltage is applied to the third switch and there is no sampled output pulse to trigger the laser. The laser stays in its previous state Q,. If S = 0 and R = 1 at the moment of a clock pulse, a positive output pulse propagates through the third switch. The laser output is switched from TE to TM. If the laser originally operates in the TM mode, it stays in the TM mode at the triggering of a positive pulse. Therefore, the condition S = 0 and R = 1 always results in e,+, = 0 @,+, = '1).
A . S-R fSet-Reset) Flip-Flop
If S = 1 and R = 0, a negative pulse is sampled. The laser is triggered to operate in the TE mode (e,+, = 1). The condition S = 1 and R = 1 is forbidden in conventional electronic S-R flip-flops because it results in an indeterminate state as indicated by the question mark in Fig. 1O(c) .
However, in our optical S-R flip-flop, we have experimentally observed that when the two input ports are well-balanced, the conditions = 1 and R = 1 generates e,+, = Q, and is not indeterminate. The logic diagram and the characteristic table of the S-R flip-flop are shown in Fig. lO(c) .
In our experimental demonstration of the S-R flip-flop operation, an alternative circuit shown in Fig. 1 O(b) was used, in which the two optoelectronic switches at the input ports were substituted with avalanche photodetectors (PD) because only one optoelectronic switch was available to us. The input signals, S and R , are generated by two AlGaAs/CaAs stripegeometry semiconductor lasers with pulsed current injection. The optical clock pulses are generated by an AlGaAs/GaAs transverse-junction-stripe laser driven by a train of current pulses. The optoelectronic switch consists of a Cr-doped semiinsulating GaAs substrate with a gap in the top metallization. The switchmg efficiency was rather low (<I percent) because the switch was not designed for this application. An amplifier was, therefore, used to enhance the electrical output of the optoelectronic switch before the signal was used to trigger the polarization-bistable laser. As will be discussed later, the amplifier is not needed if well-designed switches are used. The photographs in Fig. 11 show the operation of the optical S-R flip-flop. Notice that all the traces are optical signals from semiconductor lasers except for trace 4, which represents the inverted electrical output pulses from the optoelectronic switch which trigger the laser diode, LD. It can be clearly seen from the traces in Fig. 11 that the TE and TM optical output signals are complementary to each other and that they are Q and Q outputs of the flip-flop. Fig. l2(a) shows the circuit of an optical D flip-flop consisting of two optoelectronic switches. If D = 0 at the moment a clock pulse occurs, the switch at the input port is not conducting and a positive voltage is applied to the sampling optoelectronic switch. The clock pulse activates the sampling optoelectronic switch to transmit a positive current pulse which triggers the laser to operate in the TM mode, thus, e,+, = 0. If D = 1 when the clock pulse occurs, the input switch is conducting.
B. D (Delay
Since V, > V,, a negative current pulse is then generated at the sampling switch by the clock pulse and triggers the laser to operate in the TE mode. Thus, Q n + l = 1 when D = 1. Fig.   12(b) shows an alternative circuit using a photodetector at the input port. Fig. 12(c) The photograph in Fig. 13 demonstrates the operation of the optical D flip-flop with the circuit of Fig. 12(b) . All the traces are optical signals from semiconductor lasers except for trace 3, whch represents the inverted electrical output pulses from the sampling optoelectronic switch activated by the clock pulse train.
C. J-K Flip-Flop
The circuit of an optical J-K flip-flop, which consists of five optoelectronic switches and two optical feedback lines, is shown in Fig. 14(a) . The TE and TM optical output signals are fed back to control OS4 and OS1, respectively. OS2 a t t h e J input port and OS1 are connected in series and are biased with a negative voltage, -V, while OS3 at the K input port and OS4 are connected in series and are biased with a positive voltage, + V. The fifth optoelectronic switch OS5 is activated by opti- Fig. 13 . Operation of the optical D flip-flop shown in Fig. 12(b) . The third trace from the top is the inverted electrical output o f the optoelectronic switch activated by the clock pulses. All other traces are optical signals. The output thus switches to e,+, = 0 at the time the clock pulse occurs. Therefore, the output always changes state at the arrival of a clock pulse when J = 1 and K = 1. Fig. 14(c) shows the logic diagram and the characteristic table of the J-K flip-flop. Fig. 15 demonstrates the operation of the optical J-K flipflop with an alternative circuit shown in Fig. 14(b) , in which OS1-OS4 are replaced with photodetectors under reverse bias and an amplifier is used to amplify the electrical output of OS5 as in Fig. IO(b) . All the traces in Fig. 15 are optical signals from semiconductor lasers.
D. T (Toggle or Complement) Flip-Flop
The circuit of an optical T flip-flop is shown in Fig. 16 reverse-biased photodetectors. However, the optoelectronic switch OS3 at the T input port cannot be substituted with a photodetector. Since only one optoelectronic switch is available to us, the operation of the optical T flip-flop as is demonstrated in Fig. 17 was performed with another alternative circuit shown in Fig. 16(b) .
VI. DISCUSSION AND CONCLUSIONS
Based on the polarization-bistable semiconductor lasers, we have proposed the schemes for a complete set of optical logic gates and clocked optical fhp-flops with very simple circuitry which consists of high-speed optoelectronic switches and/or photodetectors. We have also demonstrated the operation of each of the logic gates and fhp-flops using optical input signals and optical clock pulses generated by conventional semiconductor lasers. Limited by the speed (rise time and fall time) of the pulse generators used to drive the semiconductor lasers which generate the optical input signals, we were not able to directly demonstrate subnanosecond operations of these devices. However, independent switching operations of the polarization-bistable lasers with fast-rising current pulses did show instrument-limited mode switching time of the laser on the order of 1 ns [6] , 171. The response times of optoelectronic switches and photodetectors are a few hundred picoseconds. The overall switching speed of the devices should be limited by the polarization-bistable laser to <1 ns. Our schemes are therefore capable of working at a clock rate well over 100 MHz if very fast rising and falling opticalinput signals are used.
Optical signal processing at a data rate close to 1 Gbit/s can be achieved.
On the basis of current fabrication technology, each of the proposed circuits can be monolithically integrated. Because of the simplicity of the circuitry, the flip-flops and the logic gates wiU have similar small integrated sizes and high speed. Because the input, output, and the clock pulses are not directly optically coupled, the operations of these devices do not depend on the coherence of the optical pulses, nor do they require close frequency-matching of optical signals at various stages. By properly choosing the semiconductor materials for the optoelectronic switches, they can operate with input, output, and clock pulses at the same wavelength, or at different wavelengths. By designing the schemes to work at the same wavelength, they can be used as the building blocks of an optical signal processing system based on a single substrate material. If the devices are designed to operate with input, output, and clock pulses at different wavelengths, they can be used as optical logic interface components to connect systems working at various wavelengths. For example, with input signals in the 8000 A wavelength range and output signals at 1.3 pm, the devices can transfer information from a local AlGaAs/GaAs-based optical signal processing system to an InGaAsPIInP-based long distance optical communication system in addition to performing their specific logic or memory operations.
In addition to the compatibility with monolithic integration, the schemes demonstrated in this paper have an attractive feature of being operable at practical power levels of semiconductor lasers. Consider optoelectronic switches made of semiinsulating GaAs with the following parameters: nqrefractive index) = 3.6, (p, + p p ) (sum of electron and hole mobilities) = 2000 cm2/V-' s-' , Z(the gap between electrodes) = 3 pm, hv (incident photon energy) = 1.5 eV, the conductance across the gap is [14] G = 1 X lo-* Q-'/pJ. To switchthe output of apolarization-bistable laser within 1 ns, the current pulse needs to be 40 mA, or 2 V across 50 Q, [7] . Such voltage can be delivered by the circuit with two optoelectronic switches connected in series shown in Fig. lO(a) , using 20 V dc bias and 2 pJ (=2 mW X Ins) energy of the semiconductor laser pulse. In this case, an amplifier in the circuit is not necessary.
The polarization-bistable lasers change states by switching the output between TE and TM modes with very high contrast ratios. Direct complement functions are obtainable from TE and TM output signals from the same laser, and the 1 and 0 states have very high contrast ratios.
In addition to these advantages of the polarization-bistable lasers, the basic principles of our schemes are'also applicable to other types of bistable lasers.
